chromosome with the deletion to a proband with 17q21.31 microdeletion syndrome. Our results highlight an allele-specific sensitivity to chromosome rearrangements and suggest that it is the heterozygosity of inversion status that predisposes to the 17q21.31 microdeletion syndrome. Copyright © 2010 S. Karger AG, Basel It has been postulated that genomic low copy repeats (LCRs) predispose to non-allelic homologous recombination or uneven crossing-over events leading to duplications, deletions and inversions. Changes in gene dosage or rearrangements in chromosomal architecture structure mediated by LCRs can lead to several human genomic disorders [Lupski, 2007] . These loci have also been reported to contain genomic inversion polymorphisms, in addition to being hotspots for recurrent genomic deletions. Heterozygous carriers of chromosomal inversion polymorphisms are thought to be more likely to produce offspring with genomic deletion syndromes [Osborne et al., 2001; Gimelli et al., 2003] . High-resolution genome analysis in patients with unexplained mental retardation has led to the identification of the chromosome 17q21.31 microdeletion syndrome [Koolen et al., 2006; Sharp et al., 2006; Key Words 17q21.31 microdeletion ؒ Genomic disorder ؒ H1 and H2 haplotypes ؒ Inversion polymorphism ؒ Recurrent
. The deleted region coincides with a known inversion polymorphism of ϳ 900 kb containing the microtubule-associated protein tau (MAPT) gene and it is flanked by LCRs [Stefansson et al., 2005; Zody et al., 2008] . It is estimated that this microdeletion is one of the most common causes for idiopathic mental retardation in subjects of European descent, although no such cases have been reported from non-European populations [Koolen et al., 2006] . Two highly divergent MAPT haplotypes, H1 and H2, were described, with distinct linkage disequilibrium patterns across the region. Reconstruction of the clones used in the human genome assembly revealed that the H2 haplotype is inverted and that there are some other differences in genomic structure between the H1 and H2 haplotypes. H2 haplotypes are relatively common in Europeans, occurring in 20% of the population, whereas they are rare to almost absent in African and Asian populations. In the Icelandic population it was observed that H2 is associated with increased fecundity and higher recombination rates in female carriers [Stefansson et al., 2005] . It has been suggested that Homo neanderthalensis contributed the ancestral H2 haplotype to Homo sapiens and that the H2 haplotype has been under selection pressure ever since [Hardy et al., 2005] . The H1 and H2 structures represent different clades of haplotypes without any evidence of inter-recombination events, probably due to the inverted status of H2. The H1 configuration is associated with Alzhei mer's disease , progressive supranuclear palsy [Conrad et al., 1997] , and Parkinson disease [Zabetian et al., 2007] , while the H2 haplotype is linked to the recurrent deletion events associated with the 17q21.31 microdeletion syndrome. The intriguing genomic structure, history of selection, and involvement in disease led us to investigate the 17q21.31 inversion polymorphism in more detail. The identification of the H2 inversion in the literature was primarily based on reconstruction of haplotype-specific clone contig mapping, but without more informative, direct methods of chromosome analysis such as fluorescence in situ hybridization (FISH). One study reported FISH results on mechanically stretched chromosomes in a subject homozygous for H1 and H2, respectively, confirming the inverted configuration of the H2 haplotype [Gijselinck et al., 2006] . We hypothesized that common inversion polymorphisms flanked by large, almost identical LCRs in opposite orientation, are likely to undergo recurrent inversion events [Mehan et al., 2004] . If this is true for the 17q21.31 locus, one would expect to find both inversion configurations on chromosomes with the H1 and H2 haplotypes in the population.
Materials and Methods
We identified lymphoblast cell lines (LCLs) of HapMap subjects who were homozygous for either the H1 or H2 haplotypes using the available SNP data of rs1800547 and rs9468, as described previously [Stefansson et al., 2005] . In brief, rs1800547 is located downstream of MAPT exon 4 and rs9468 is located in exon 9 of the same gene. H2 is characterized by the alleles G and C of SNPs rs1800547 and rs9468, respectively. Additional homozygous carriers of H1 and H2 were identified in the Human Variation Collection available through the Coriell Institute for Medical Research, New Jersey, USA. Lymphoblast cell lines of these subjects were obtained from the Coriell Cell repository, and the SNP genotyping was performed using TaqMan real-time PCR (Applied Biosystems, Foster City, Calif., USA). Lymphoblast cell lines of probands with the 17q21 microdeletion and their unaffected parents were generated using standard methods at the University Medical Center Nijmegen, the Netherlands. These anonymized frozen samples were shipped to UCLA for FISH analysis and H1/H2 genotyping.
For the FISH analysis, the 23 LCLs were harvested after a 24-h media-starvation to synchronize the cells to being mostly in the G1 phase. Standard FISH methods were employed. Dual-color FISH was done using 3 BAC probes (RP11-403G3, RP11-256F16, RP11-80L9) ( fig. 1 ) directly labeled by nick-translation with biotin and digoxigenin and hybridized overnight to interphase cells (probes are less than 1 Mb apart) at 37 ° C. The cells were stained with DAPI, and a minimum of 50 interphase cells were analyzed under a Nikon fluorescence microscope equipped with appropriate filters. The images were captured with Isis Imaging System (Metasystems Group Inc., Waltham, Mass., USA). The orientation of the dual-colored signals was scored independently by 2 persons. A green-red-green (GRG) signal pattern is the H1 or direct orientation, while a GGR signal pattern on one or 2 chromosomal homologs represents the inverted orientation ( figs. 1 , 2).
We performed 3-locus interphase FISH experiments and examined the chromosome structure of 17q21.31 in a targeted study sample of subjects homozygous for the H1 and H2 haplotypes, and also of 3 patients with 17q21.31 microdeletion syndrome and their unaffected parents who have been previously described [Koolen et al., 2006] . FISH analyses were also performed on 7 cell lines derived from individuals of European descent that were homozygous for the H2 allele (based on the diagnostic SNPs rs1800547 and rs9468). Another 7 cell lines were examined from HapMap subjects, also of European descent and who were either homozygous for H1 (n = 5) or heterozygous H1/H2 (n = 2). In a third series of FISH analyses, we established the inversion status of 3 17q21 deletion patients and their parents.
Results and Discussion
Results of FISH analysis are listed in table 1 and online supplementary table 1 (for online suppl. material, see www.karger.com/doi/10.1159/000315901). In summary, we identified 8 homozygous H1 carriers, who were all found to be homozygous for the non-inverted 'wild-type' configuration and FISH analysis of the 4 heterozygous H1/H2 carriers revealed a heterozygous inversion state of the 17q21 locus ( table 1 and online suppl. table 1) . However, FISH analysis of the 8 homozygous H2 carriers showed that 5 subjects were heterozygous for inversion status, while 3 were homozygous for the inversion. Inversion heterozygosity of all H1/H2 subjects supports the link of H2 with inversion and of H1 with direct orientation. Of the 16 H1 chromosomes from the homozygote carriers, none were inverted (0%), while in the 16 H2 chromosomes from the homozygote carriers we observed 5 non-inverted configurations (31%). The over-representation of evident inversion events on the H2 haplotype is significantly higher than those observed on the H1 haplotype (p = 0.043; Fisher's exact test).
Based on our results we conclude that recurrent inversion events of the 17q21.31 inversion region are preferentially associated with the H2 haplotype. For all three NMT1  PLCD3  ACBD4  ACBD4  ACBD4  ACBD4  ACBD4  HEXIM1  HEXIM2   FMNL1   LOC100133991   C17orf46   LOC100133991   MAP3K14   ARHGAP27  ARHGAP27  SH3D20  PLEKHM1  PLEKHM1  PLEKHM1  LRRC37A4   LOC644172  MGC57346  MGC57346  C17orf69  C17orf69   CRHR1  CRHR1  CRHR1  CRHR1  LOC100128977  IMP5  MAPT  MAPT  MAPT  MAPT  MAPT  MAPT  LOC100130148   STH  KIAA1267   LRRC37A  ARL17B  ARL17B RP11-403G3 RP11-80L9 RP11-256F16 Table 1 . Overview of inversion status by H1 and H2 haplotypes reveals significantly more recurrent inversion events in the H2 lineage 17q21.31 microdeletion patients included in our study, it had been reported that the de novo deletion occurred on the H2 haplotype carried by one of the parents [Koolen et al., 2008] . In our screen of these probands, 2 of the 3 parents transmitting the disease-related chromosome were heterozygous H1/H2, while one was homozygous for the H2 haplotype. Our FISH observation on the heterozygosity of inversion status for this homozygous H2 carrier confirms the 'fragile' nature of H2, but also suggests that it is the heterozygosity of inversion status which predisposes to such de novo deletion events ( fig. 2 ) . A recent study on 22 patients showed that while the parent-of-origin of the deleted chromosome 17 always carries at least one H2 allele, in 6 of the 20 cases for which transmission could be established, the parent-of-origin was in fact homozygous for the H2 allele [Koolen et al., 2008] . If inversion status is the mediating factor for such deletion events, all the parents in this study, including the 6 homozygous H2 carriers, must be heterozygous for the inverted orientation. This implies that 23% of H2 chromosomes in these parents are in the non-inverted orientation, which is well within the range of 31% observed in our own study. The strong linkage disequilibrium pattern separating the H1 and H2 lineages reveals a lack of recombination between the 2 haplotypes, probably due to the opposite orientations of H1 and H2. However, our findings suggest that up to one third of H2 chromosomes carry the noninverted configuration, which should recombine with H1 and result in mixed haplotypes in European populations. Yet the unusual pattern of haplotype diversity seen between H1 and H2 suggests the absence of such events in recent human history in Europe. The lack of intermingling of haplotypes implies that there are other structural differences that prohibit recombination events between the 2 haplotypes. These differences may be located within the inversion region or in the immediate flanking LCR regions. A BAC-based reconstruction of this region has shown that genomic differences between the haplotypes do indeed exist [Cruts et al., 2005; Stefansson et al., 2005; Zody et al., 2008] , thereby possibly explaining this phenomenon. A comparative and detailed sequence analysis of the 17q21.31 inversion region recently favored the H2 configuration as the likely ancestral state and established that inversions have occurred in humans and chimpanzees independently [Zody et al., 2008] . This study further showed extensive H2-specific sequence homogenization of the duplicated sequences in this region, resulting in 3 times as many duplicated base pairs in H2 than H1, which could explain the 'fragile' nature of the H2 lineage leading to inversion and deletion events. Comparison of H2 haplotypes in both chromosome configurations is needed to establish whether these inverted H2 chromosomes are derived from single events in early human history or whether they represent more recent occurrences in European populations only. Our observation of both chromosome configurations in non-human primates with the ancestral H2 lineage highlights the possibility of ongoing recurrent inversion events in the genomic history of H. sapiens . The evidence that the relatively unstable H2 haplotype is involved in positive selection makes the 17q21.31 region even more appealing for further studies.
